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Abstract. We study the possibility of generating tiny Dirac neutrino masses at one loop
level through the scotogenic mechanism such that one of the particles going inside the loop
can be a stable cold dark matter (DM) candidate. Majorana mass terms of singlet fermions
as well as tree level Dirac neutrino masses are prevented by incorporating the presence of
additional discrete symmetries in a minimal fashion, which also guarantee the stability of the
dark matter candidate. Due to the absence of total lepton number violation, the observed
baryon asymmetry of the Universe is generated through the mechanism of Dirac leptogenesis
where an equal and opposite amount of leptonic asymmetry is generated in the left and right
handed sectors which are prevented from equilibration due to tiny Dirac Yukawa couplings.
Dark matter relic abundance is generated through its usual freeze-out at a temperature much
below the scale of leptogenesis. We constrain the relevant parameter space from neutrino
mass, baryon asymmetry, Planck bound on dark matter relic abundance, and latest LUX
bound on spin independent DM-nucleon scattering cross section. We also discuss the charged
lepton flavour violation (µ→ eγ) and electric dipole moment of electron in this model in the
light of the latest experimental data and constrain the parameter space of the model.
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1 Introduction
The discovery of the Higgs boson at the Large Hadron Collider (LHC) in 2012 followed by a
series of null results from beyond standard model (BSM) searches have repeatedly confirmed
validity of the standard model (SM) of particle physics at energies accessible to the LHC. In
spite of being the most successful theory of particle physics till date, the SM however fails
to explain many observed phenomena which include non-zero neutrino masses and mixing,
dark matter and matter-antimatter asymmetry, in particular. Though the Higgs field in the
SM is responsible for generating masses of all the charged fermions and weak vector bosons,
it has no renormalisable coupling with the neutrinos due to the absence of the right handed
neutrino. This keeps the neutrinos massless in the SM and hence no leptonic mixing which
is ruled out by the experimental observations of non-zero neutrino masses and large leptonic
mixing [1–7]. The present status of neutrino parameters can be summarised by the recent
global fit analysis reported in [8] and [9] are shown in table 1.
Parameters NH [8] IH [8] NH [9] IH [9]
∆m221
10−5eV2 7.02− 8.09 7.02− 8.09 7.11− 8.18 7.11− 8.18|∆m231|
10−3eV2 2.317− 2.607 2.307− 2.590 2.30− 2.65 2.20− 2.54
sin2 θ12 0.270− 0.344 0.270− 0.344 0.278− 0.375 0.278− 0.375
sin2 θ23 0.382− 0.643 0.389− 0.644 0.393− 0.643 0.403− 0.640
sin2 θ13 0.0186− 0.0250 0.0188− 0.0251 0.0190− 0.0262 0.0193− 0.0265
δ 0− 2pi 0− 2pi 0− 2pi 0− 2pi
Table 1. Global fit 3σ values of neutrino oscillation parameters [8, 9].
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Although the lightest neutrino mass remains undetermined at neutrino oscillation experi-
ments, cosmology experiments like Planck can put an upper bound on it from the bound
they put on the sum of absolute neutrino masses
∑
i|mi| < 0.17 eV [10]. Although the lep-
tonic Dirac CP phase δ is not yet measured precisely, recently the T2K experiment showed
preference for δ ≈ −pi/2 [11]. If neutrinos are Majorana fermions, there exists two Majo-
rana CP phases which remain undetermined at oscillation experiments, but can be probed
at neutrinoless double beta decay experiments (0νββ).
The presence of dark matter in the Universe has been known since the observations of
galaxy rotation curves made by Fritz Zwicky [12]. Since then, the evidence in favour of dark
matter has been increasing with the latest cosmology experiment Planck suggesting around
26% of the present Universe’s energy density being made up of dark matter [10]. In terms of
density parameter Ω, the Planck bound on dark matter abundance in the present Universe
can be written as
ΩDMh
2 = 0.1187± 0.0017 (1.1)
where h = (Hubble Parameter)/100 is a parameter of order unity. Although the astrophysical
and cosmological evidences suggesting the presence of dark matter in the Universe have been
ever increasing, the particle nature of dark matter is still unknown. It is however confirmed
that none of the SM particles can be a dark matter candidate as none of them possess the
typical characteristics of dark matter [13]. Although the weakly interacting massive particle
(WIMP) paradigm is the most well studied dark matter scenario, the experiments like the
LHC and the dark matter direct detection experiments [14, 15] have so far been giving
null results only. More recently, the LUX experiment has announced [16] a factor of four
improvement of its previous exclusion limits, ruling out DM-nucleon spin independent cross
section above around 2.2× 10−46 cm2 for DM mass of around 50 GeV.
The matter-antimatter asymmetry in the observed Universe has also been a longstanding
puzzle which the SM fails to explain. This observed asymmetry is reported in terms of the
baryon to entropy ratio as [10, 17]
YB =
nB − nB¯
s
= (1.61− 1.83)× 10−10 (1.2)
If one does not enforce this asymmetry as an initial condition and consider the Universe to
start in a matter antimatter symmetric manner, then one has to satisfy the Sakharov’s condi-
tions [18] in order to produce a net baryon asymmetry. These conditions namely, (i) baryon
number (B) violation, (ii) C and CP violation, (iii) departure from thermal equilibrium can
in principle, be satisfied within a particle physics framework. However, the third condition
can not be satisfied within the framework of SM of particle physics for the observed value of
the Higgs boson mass and the observed CP violation in the quark sector is way too small to
generate the observed baryon asymmetry. Thus, one has to go beyond the SM in order to
generate the observed baryon asymmetry in a symmetric Universe to begin with.
Several BSM proposals have been proposed and well studied in the literature to solve
either one or multiple of the three problems mentioned above. For example, the seesaw
mechanism [19] in order to generate tiny Majorana masses of neutrinos can also address the
baryon asymmetry problem within the leptogenesis framework (For a review of leptogenesis,
one can refer to the review article [20]). Within this framework, the observed baryon asym-
metry is generated by creating a leptonic asymmetry first and then converting it into baryon
asymmetry through B+L violating electroweak sphaleron transitions [21]. According to the
original proposal of Fukugita and Yanagida [22], the out of equilibrium CP violating decay of
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heavy right handed neutrinos present in the type I seesaw mechanism can naturally produce
the required lepton asymmetry. Although the issue of dark matter remain disconnected from
this minimal setup, several interesting proposals have appeared which relate DM with the
mechanism of baryon asymmetry and (or) neutrino mass. For example, the scotogenic mod-
els [23] related DM and neutrino mass, WIMPy baryogenesis (leptogenesis) models [24] and
asymmetric dark matter models [25] relate DM with the origin of baryon asymmetry etc.
Another equally interesting but much less explored scenario for neutrino mass and
baryon asymmetry is the so called Dirac leptogenesis, first proposed by [26] and later ex-
tended to realistic phenomenological models by [27–31]. These scenarios assume the light
neutrinos to be of Dirac nature contrary to the usual Majorana light neutrinos in conven-
tional seesaw models. In these scenarios, the total lepton number or rather B−L is conserved
just like in the SM and hence there exists no net lepton asymmetry created. However, if one
can create an equal and opposite amount of lepton asymmetry in the left and right handed
sectors, the electroweak sphalerons can later convert the lepton asymmetry in the left handed
sector into a net baryon asymmetry. The lepton asymmetries left and right handed sectors
are prevented from equilibration due to the tiny effective Dirac Yukawa couplings. Although
several different models are there in the literature that can generate tiny Dirac neutrino
masses [32, 33], we focus on scotogenic type Dirac neutrino mass models [34] in order to
accommodate dark matter naturally into the model. Like most particle physics models of
Dirac neutrinos, we also consider additional symmetries to forbid the Majorana masses of
gauge singlet fermions and stabilise the dark matter candidate simultaneously. For the pur-
pose of minimality, we consider a discrete symmetry Z4×Z3 whereas the new physics sector
consists of two different types of gauge singlet fermions ψ, νR, three additional scalar fields
φ2, η, χ apart from the SM particle content. The neutrino mass arise at one loop level and
the decay of heavy fermion ψ creates the required asymmetries in the left as well as right
handed sectors. The lighter of the scalar fields φ2, χ can be a DM candidate in the model,
after considering the relevant bounds on dark matter relic density, direct detection cross
section as well as invisible decay width of the SM Higgs boson. We also calculate the new
physics contribution to the charged lepton flavour violating (LFV) decay process (µ → eγ)
and show it to remain within reach of current experimental sensitivity [35] for the region of
parameter space allowed from the requirement of successful Dirac leptogenesis. We also take
into account the new physics contribution to the electric dipole moment (EDM) of charged
leptons. Since the model predicts zero lepton number violation (LNV) and hence no 0νββ,
any future observation of this LNV process will also partially rule out Dirac leptogenesis as
the only source of baryon asymmetry due to the presence of additional source of creating
lepton asymmetry.
This paper is organized as follows. In section 2, we discuss our model of scotogenic
Dirac neutrino mass and then discuss the generation of tiny neutrino mass at one-loop level
in section 3. In section 4, we briefly discuss calculation of dark matter relic abundance as well
as direct detection cross section. In section 5, we outline the calculation of baryon asymmetry
through Dirac leptogenesis and then discuss charged lepton flavour violation in section 6. We
finally discuss our results and conclude in section 7.
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Table 2. Particle Content of the Model
Particle SU(3)c × SU(2)L × U(1)Y Z4 × Z3
Q = (u, d)L (3, 2,
1
6) (1, 1)
uR (3¯, 1,
2
3) (1, 1)
dR (3¯, 1,−13) (1, 1)
L = (ν, e)L (1, 2,−12) (1, 1)
eR (1, 1,−1) (1, 1)
νR (1, 1, 0) (1, ω)
ψL (1, 1, 0) (i, 1)
ψR (1, 1, 0) (i, 1)
φ1 = (φ
+, φ0)1 (1, 2,−12) (1, 1)
φ2 = (φ
+, φ0)2 (1, 2,−12) (−i, 1)
χ (1, 1, 0) (−i, ω)
η (1, 1, 0) (1, ω)
2 The Model
If we extend the SM just by three copies of right handed neutrinos νR, there arises two
difficulties in generating tiny Dirac neutrino masses: (i) the relevant Dirac Yukawa couplings
have to be unnaturally fine tuned to Yν ≤ 10−12 and (ii) the symmetry of the SM does not
prevent Majorana mass term of singlet neutrinos νR. Even if we forbid the Majorana mass
term of νR by invoking the presence of additional symmetries like it was done in several
earlier works [32], we still have to fine tune the Dirac Yukawa couplings. One can also
consider a second Higgs doublet, which acquires a tiny vacuum expectation value (vev) so
that even order one Yukawa couplings can generate tiny Dirac neutrino masses [33]. Instead
of choosing tiny vev or tiny Yukawa couplings, here we try to generate such a small coupling
at one loop level by introducing additional particles which take part in the loop. The model
which we consider has the particle content as shown in table 2. The symmetry of the model
is an extension of the standard model gauge symmetry by a discrete symmetry Z4 × Z3.
The additional discrete symmetry Z4 is chosen in order to prevent Majorana masses of ψ as
well as to stabilise the DM candidate going inside the loop. The Z3 symmetry is chosen to
prevent the Majorana mass term of the right handed neutrino νR. The earlier work on one
loop Dirac neutrino masses [34] considered U(1)B−L × Z2 × Z2 as the additional symmetry.
For the sake of minimality, here we stick to a setup with a Z4 × Z3 extension of the SM
symmetries. The Yukawa Lagrangian of the model can be written as
L = YuQφ1uR + YdQφ†1dR + YeLφ†1eR + hLφ2ψR +MψψLψR + h
′
νRχψL + h.c. (2.1)
The neutral component of the doublet scalar φ1 and the singlet η acquire a non-zero vacuum
expectation value (vev) to break the symmetry of the model as
SU(3)c × SU(2)L × U(1)Y × Z4 × Z3 〈φ01, η〉−−−−→ SU(3)c × U(1)em × Z4
The remnant Z4 symmetry stabilises the dark matter particle whereas Z3 gets spontaneously
broken in order to allow the one loop mixing of νL and νR. The quarks and charged leptons
acquire their masses from the vev of φ01 whereas the neutrinos remain massless at tree level.
The dark matter in this model is the lighter scalar among φ02 and χ, as we are considering
the Dirac fermion ψ to be much heavier from leptogenesis point of view, as we discuss in the
remaining sections in further details.
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νLi ψR ψL νRj
φ02 χ
〈φ01〉 〈η〉
Figure 1. One-loop contribution to Dirac neutrino mass
3 Dirac Neutrino Mass
The neutrinos, which remain massless at tree level, acquire a Dirac mass at one loop level as
shown by the Feynman diagram in figure 3. The calculation of scotogenic Dirac mass at one
loop, first shown in [34] follows a similar procedure as in the one loop scotogenic Majorana
masses [23]. Let us consider the quartic term λ4φ
†
1χ
†φ2η with real λ4. Without this term,
there is no mixing between φ02, χ and hence the diagram shown in figure 3 gives vanishing
contribution to Dirac neutrino mass. Let us denote the vev’s as 〈φ01〉 = v/
√
2, 〈η〉 = u/√2
and the fields as φ02 = (φ
0
2R + iφ
0
2I)/
√
2, χ = (χR + iχI)/
√
2. Assuming no mixing between
real and imaginary components of individual fields, the above quartic term will introduce
a mixing between φ02R, χR as well as between φ
0
2I , χI . Let, ξ1,2 be the mass eigenstates of
φ02R, χR sector with a mixing angle θ1. Similarly, ζ1,2 be the mass eigenstates of φ
0
2I , χI sector
with a mixing angle θ2. The contribution of the real sector φ
0
2R, χR to one loop Dirac neutrino
mass [34] can then be written as
(mν)Rij =
sin θ1 cos θ1
32pi2
∑
k
hikh
′
kjMψk
(
m2ξ1
m2ξ1 −M2ψk
ln
m2ξ1
M2ψk
− m
2
ξ2
m2ξ2 −M2ψk
ln
m2ξ2
M2ψk
)
(3.1)
Similarly one can write down the contribution (mν)Iij from the imaginary sector φ
0
2I , χI .
The total neutrino mass is
(mν)ij = (mν)Rij + (mν)Iij (3.2)
In the absence of any fine-tuned cancellations between different terms in the neutrino mass
formula above, we expect each of the terms to be of sub-eV scale. Assuming mζ1 = 100 GeV
and Mψ = 10 TeV, the first term in the expression becomes
(mν)
1
Rij = 1.46× 10−2 sin 2θ1
∑
k
hikh
′
kj
This can be at the sub-eV scale if
sin 2θ1hikh
′
kj < 10
−8 (3.3)
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This condition can be easily satisfied by suitable tuning of the Yukawa couplings h.h
′
. The
mixing angles θ1, θ2 can be fixed by choosing the mass terms, vev’s and relevant couplings as
tan 2θ1 =
λ4vu
m2χR −m2φ02R
, tan 2θ2 =
λ4vu
m2χI −m2φ02I
where m2χR,I ,m
2
φ02R,2I
are related to the mass eigenvalues as
m2ξ1 = m
2
φ02R
+
λ4uv
4(m2
φ02R
−m2χR)
, m2ξ2 = m
2
χR
− λ4uv
4(m2
φ02R
−m2χR)
m2ζ1 = m
2
φ02I
+
λ4uv
4(m2
φ02I
−m2χI )
, m2ζ2 = m
2
χI
− λ4uv
4(m2
φ02I
−m2χI )
Here, we have assumed λ4uv  m2φ02R−m
2
χR
,m2
φ02I
−m2χI . Thus, choosing different mass terms
and dimensionless couplings of the scalar Lagrangian appropriately leads to the required
mixing angles θ1,2 in order to be in agreement with neutrino mass scale (3.3).
4 Dark Matter
The relic abundance of a dark matter particle χ which was in thermal equilibrium at some
earlier epoch can be calculated by solving the Boltzmann equation
dnχ
dt
+ 3Hnχ = −〈σv〉(n2χ − (neqbχ )2) (4.1)
where nχ is the number density of the dark matter particle χ and n
eqb
χ is the number density
when χ was in thermal equilibrium. H is the Hubble expansion rate of the Universe and
〈σv〉 is the thermally averaged annihilation cross section of the dark matter particle χ. In
terms of partial wave expansion 〈σv〉 = a + bv2. Clearly, in the case of thermal equilibrium
nχ = n
eqb
χ , the number density is decreasing only by the expansion rate H of the Universe.
The approximate analytical solution of the above Boltzmann equation gives [36, 37]
Ωχh
2 ≈ 1.04× 10
9xF
MPl
√
g∗(a+ 3b/xF )
(4.2)
where xF = mχ/TF , TF is the freeze-out temperature, g∗ is the number of relativistic degrees
of freedom at the time of freeze-out and MPl ≈ 1019 GeV is the Planck mass. Here, xF can
be calculated from the iterative relation
xF = ln
0.038gMPlmχ < σv >
g
1/2
∗ x
1/2
F
(4.3)
The expression for relic density also has a more simplified form given as [38]
Ωχh
2 ≈ 3× 10
−27cm3s−1
〈σv〉 (4.4)
The thermal averaged annihilation cross section 〈σv〉 is given by [39]
〈σv〉 = 1
8m4χTK
2
2 (mχ/T )
∫ ∞
4m2χ
σ(s− 4m2χ)
√
sK1(
√
s/T )ds (4.5)
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where Ki’s are modified Bessel functions of order i, mχ is the mass of Dark Matter particle
and T is the temperature.
If we consider the neutral component of the scalar doublet φ2 to be the dark matter
candidate, the details of relic abundance calculation is similar to the inert doublet model
studied extensively in the literature [23, 40–46]. In the low mass regime mDM ≤ MW ,
dark matter annihilation into the SM fermions through s-channel Higgs mediation dominates
over other channels. Beyond the W boson mass threshold, the annihilation channel of scalar
doublet dark matter into W+W− pairs opens up suppressing the relic abundance below what
is observed by Planck experiment, unless the dark matter mass is heavier than around 500
GeV, depending on the DM-Higgs coupling. Apart from the usual annihilation channels of
inert doublet dark matter, in this model there is another interesting annihilation channel
where dark matter annihilates into νν¯ through the heavy fermion ψ in the t-channel. As we
discuss later, this annihilation channel however remains suppressed compared to others for
the choices of couplings and mass of ψ in from successful leptogenesis criteria.
Apart from the relic abundance constraints from Planck experiment, there exists strict
bounds on the dark matter nucleon cross section from direct detection experiments like
Xenon100 [14] and more recently LUX [15, 16]. For scalar dark matter considered in this
work, the relevant spin independent scattering cross section mediated by SM Higgs is given
as [40]
σSI =
λ2f2
4pi
µ2m2n
m4hm
2
DM
(4.6)
where µ = mnmDM/(mn + mDM ) is the DM-nucleon reduced mass and λ is the quartic
coupling involved in DM-Higgs interaction. A recent estimate of the Higgs-nucleon coupling
f gives f = 0.32 [47] although the full range of allowed values is f = 0.26 − 0.63 [48]. The
latest LUX bound [16] on σSI will constrain the DM-Higgs coupling λ as we discuss in details
in section 7. One can also constrain the DM-Higgs coupling λ from the latest LHC constraint
on the invisible decay width of the SM Higgs boson. This constraint is applicable only for
dark matter mass mDM < mh/2. The invisible decay width is given by
Γ(h→ Invisible) = λ
2v2
64pimh
√
1− 4m2DM/m2h (4.7)
The latest ATLAS constraint on invisible Higgs decay is [49]
BR(h→ Invisible) = Γ(h→ Invisible)
Γ(h→ Invisible) + Γ(h→ SM) < 22%
As we will discuss in the section 7, this bound is weaker than the conservative LUX 2016
bound.
5 Dirac Leptogenesis
Here we revisit the idea of Dirac leptogenesis studied in the works [26–31] and particularly
adopt the setup outlined in [29] for the calculation of baryon asymmetry. In our model,
the heavy singlet Dirac fermion ψ = ψL + ψR can decay into Lφ2 as well as νRχ to create
lepton asymmetry in the left and right handed lepton sectors. Since there is no total lepton
number violation, hence the asymmetry created in the left and right handed sectors are
equal and opposite to each other Total = L + R = 0. Due to tiny one loop suppressed
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ψi
νRk
χ
ψi
Lm
φ2
ψj
νRk
χ
Figure 2. Decay of heavy singlet fermion ψ into νR and χ
effective couplings between the left and right handed neutrino sectors, these corresponding
asymmetries in the two sectors do not get equilibrated upto a very low temperature, below
the electroweak transition. The sphalerons during the electroweak phase transition therefore,
can convert the non-zero asymmetry in the left handed sector into a net baryon asymmetry,
which survive afterwards to give rise to the observed baryon asymmetry of the Universe.
Due to the singlet nature of right handed neutrinos under the electroweak gauge group, the
electroweak sphalerons can not convert the asymmetry stored in the right handed sector into
a baron asymmetry, as long as tiny effective coupling between left and right handed neutrinos
prevent them from equilibrating. The conversion between B−L asymmetry into a net baryon
(B) asymmetry by electroweak sphalerons is given by the relation [50]
YB =
28
29
YB−L (5.1)
If leptogenesis ends before the sphaleron processes become active (T ≥ 1012 GeV), then
YB−L = −YL. Since the asymmetry in left and right handed sectors have equal magnitudes,
it is sufficient to calculate the asymmetry in one sector. Thus, we can write
YB = −28
29
YLνR
similar to the way it was done by [29]. The asymmetry in the right handed sector can
be generated by the decay of ψ through the Feynman diagrams shown in figure 2. The
Boltzmann equation for Dirac leptogenesis for the decay of ψi can be written similar to the
ones given in [29] as
dψΣψ1
dz
=
z
H(z = 1)
[
2− ηΣψ1
ηeqψ1
+ δR
(
3
η∆L
2
+ η∆ψ1
)]
ΓD
dψ∆ψ1
dz
=
z
H(z = 1)
[
η∆L − η∆ψ1
ηeqψ1
+BR
(
3
η∆L
2
+ η∆ψ1
)]
ΓD
dψ∆L
dz
=
z
H(z = 1)
{[
δR
(
1− ηΣψ1
2ηeqψ1
)
−
(
1− BR
2
)(
η∆L − η∆ψ1
ηeqψ1
)]
ΓD
−
(
3
η∆L
2
+ η∆ψ1
)
ΓW
}
(5.2)
where ηΣψ1 =
ηψ1+ηψ1
ηγ
, η∆ψ =
ηψ1−ηψ1
ηγ
, z = Mψ1/T and
ΓD = (Γ(ψ1 → νRχ) + Γ(ψ1 → Lφ2)) z
2
2
K1(z) = Γ
W
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with K1(z) being the first order modified Bessel function. These equations include the decay
and inverse decays of ψ1 as well as the CP violating 2 ↔ 2 scattering contributions. In
the above equations, ΓW includes the wash-out processes involving higher powers of Yukawa
couplings, which tend to equilibrate the asymmetries created in the left and right handed
neutrino sectors. These are Lφ2 ↔ χνR mediated by the s-channel exchange of ψi, Lν¯R ↔
φ2χ mediated by the t-channel exchange of ψi. These processes at high temperature can be
approximated to be
ΓL−R ∼ |h|
2|h′|2
M41
T 5 (5.3)
which in turn should be less than the Hubble expansion rate at the radiation dominated era
given as
H(T ) =
√
8pi2g∗
90
T 2
MPl
(5.4)
The strongest bounds comes from the high temperature when the asymmetry is produced i.e
z ' 1
|h|2|h′|2
M1
≤ 1
Mp
√
8pi2g∗
90
(5.5)
However, the dominant contribution would come from decay and inverse decay for the left-
right equilibrium and also from the subsequent decay of a real ψi or ψ¯i. Since in our case we
have reasonably large hierarchy in mass of ψi’s, the contribution from the off shell processes
Lφ2 ↔ νRχ is bounded from above by ΓD for the region around z ∼ 1. Therefore, we
have considered a conservative approximation that ΓW = ΓD similar to [29]. We solve these
Boltzmann equations to determine the baryon asymmetry as discussed below.
µ− e−ψ
φ−2
γ
Figure 3. One loop contribution to µ→ eγ
6 Flavor Violation and Electric Dipole Moment of Charged Leptons
Charged lepton flavour violating decay is a promising process to study from BSM physics
point of view. In the SM, such a process occurs at lone level and is suppressed by the smallness
of neutrino masses, much beyond the current experimental sensitivity [35]. Therefore, any
future observation of such LFV decays like µ → eγ will definitely be a signature of new
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l−α l
−
α
γ 〈φ01〉
φ01
φ−2φ
−
2
ψ l−β l
−
α
φ−2
γ
〈φ01〉
φ−2 φ
0
1
ψ l
−
β l−α l
−
α
φ−2
〈φ01〉
γ
φ−2
φ01
ψ l
−
β l
−
α
Figure 4. Two loop contribution to electric dipole moment of charged leptons
20 40 60 80 100
2. ´ 10- 10
4. ´ 10- 10
6. ´ 10- 10
8. ´ 10- 10
1. ´ 10- 9
z
Y
B
h = 9.22 ´ 10- 3
h = 8.4 ´ 10- 5
Planck 2015
Figure 5. Baryon asymmetry as a function of z = Mψ1/T for two different values of Yukawa couplings
h. The horizontal band corresponds to the Planck 2015 constraint on baryon asymmetry (1.2).
physics beyond the SM. In the present model, such new physics contribution can come from
the charged component of the additional scalar doublet φ2. The relevant Feynman diagram
is shown in figure 6. Adopting the general prescriptions given in [51], the decay width of
µ→ eγ can be calculated as
Γ(µ→ eγ) = h
4
(
m2µ −m2e
)3
(m2µ +m
2
e)
4096pi5m3µm
4
φ−2
[(
(t− 1)(t(2t+ 5)− 1) + 6t2 ln t)2
144(t− 1)8
]
(6.1)
where t = m2ψi/m
2
φ−2
. The corresponding branching ratio can be found by
BR(µ→ eγ) ≈ Γ(µ→ eγ)
Γµ
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Figure 6. Left panel: Variation of different dark matter annihilation channels as a function of dark
matter mass. The horizontal line corresponds to the typical annihilation cross section (from (4.4))
required to generate the correct relic abundance (1.1). Right panel: The relic abundance of dark
matter as a function of dark matter mass for three different values of DM-Higgs coupling λ showing
two different mass range satisfying relic density bound (1.1).
where Γµ ≈ 2.996 × 10−19 GeV denotes the total decay width of muon. The latest bound
from the MEG collaboration is BR(µ→ eγ) < 4.2× 10−13 at 90% confidence level [35].
On the other hand, electric dipole moment of charged leptons is a flavour conserving
observable which is a measure of the particle’s spin to an external electric field. In the SM,
the EDM of the electron is generated only at four-loop level and hence is vanishingly small
|de|/e ∼ 3 × 10−38 cm [52]. This is way below the current experimental limits on the EDM
of charged leptons:
|de|/e < 8.7× 10−29 cm (ACME) (6.2)
|dµ|/e < 1.9× 10−19 cm (Muon g − 2) (6.3)
|Re(dτ )|/e < 4.5× 10−17 cm (Belle) (6.4)
|Re(dτ )|/e < 2.5× 10−17 cm (Belle) (6.5)
which have been measured by the ACME collaboration [53], the Muon (g − 2) collaboration
[54] and the Belle collaboration [55] respectively. Since the bound on the electron EDM is
very strong, new physics contribution can be expected to bring the electron EDM within the
sensitivity of next generation ACME experiment. Since our model has additional scalars and
fermions and hence new sources of CP violation, one can expect to have an enhanced EDM
of electron. Models having two Higgs doublets with softly broken Z2 discrete symmetry were
studied from charged lepton EDM point of view in [56, 57]. For EDM calculations in other
BSM scenarios, please refer to the review [52]. In the present model, we can have EDM
at two-loop level shown in the diagram 4. Since, the second Higgs doublet in our model is
protected by an unbroken discrete symmetry, we do not have any one-loop EDM diagram as
discussed in [56]. The expression for the EDM of electron from the new physics contribution
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Figure 7. The parameter space in the λ −mDM plane for low mass regime mDM < MW including
constraints on relic abundance, direct detection as well as invisible Higgs decay. The final allowed
region corresponds to the narrow region around resonance mDM = mh/2.
through the Feynman diagrams shown in figure 4 can be given as
dl = 2=
[
Ylλφ−2
vh2
256pi4
(
2∑
i=1
(σiR − σiL))
]
(6.6)
where the details of σL,R are given in appendix A. Here Ylv = ml is the mass of the charged
lepton and λφ−2
is the quartic coupling of Higgs to the charged component of the second Higgs
doublet φ2. To evaluate the integrals involved in the above expression, we use the numerical
techniques given by [58].
Thus, lower the mass of φ−2 , more is the decay width and hence more probability of
discovering it at ongoing and future experiments. The choice of mφ−2
must however, satisfy
the existing experimental bounds. The LEP collider experiment data restrict the charged
scalar mass to mφ−2
> 70− 90 GeV [59]. Another important restriction on mφ−2 comes from
the electroweak precision data (EWPD). Since the contribution of the additional doublet φ2
to electroweak S parameter is always small [40], we only consider the contribution to the
electroweak T parameter here. The relevant contribution is given by [40]
∆T =
1
16pi2αv2
[F (mφ−2
,mA0) + F (mφ−2
,mH0)− F (mA0 ,mH0)] (6.7)
where
F (m1,m2) =
m21 +m
2
2
2
− m
2
1m
2
2
m21 −m22
ln
m21
m22
(6.8)
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Figure 8. Contribution to µ → eγ for two different values of Yukawa coupling h. The exclusion
regions from MEG 2016 constraint, LEP constraint and EWPD constraints are also shown.
In this work, we take mA0 ≈ mH0 = mDM . The EWPD constraint on ∆T is given as [45]
− 0.1 < ∆T + Th < 0.2 (6.9)
where Th ≈ − 38pi cos2 θW ln
mh
MZ
is the SM Higgs contribution to the T parameter [60]. Thus,
choosing a particular value of DM mass will leave a particular window of mφ−2
from LEP
and EWPD constraints. We calculate the BR(µ → eγ) for these allowed values of mφ−2 as
we discuss below.
7 Results and Conclusion
We have studied a minimal extension of the standard model in order to generate tiny Dirac
neutrino masses at one loop level such that the particles going inside a loop can also generate
the correct dark matter abundance and matter antimatter asymmetry in the Universe. Con-
sidering the heavy Dirac fermion decay as the source of lepton asymmetry, we write down the
relevant Boltzmann equations and solve them numerically. Considering the lightest heavy
fermion to have mass 5 TeV, the next to lightest one to be 12 TeV and equal Yukawa couplings
h = h
′
, we calculate the final baryon asymmetry for different values of Yukawa couplings.
The baryon asymmetry as a function of z = Mψ1/T is shown in figure 5 for two different val-
ues of Yukawa couplings h. It can be seen from the figure that for both the values of Yukawa
couplings, the final asymmetry (z → ∞) lies in the range observed by the Planck experi-
ment. We also find the constraint on Yukawa coupling from the requirement that the heavy
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Figure 9. Allowed parameter space in h−Mψ plane from the requirement of successful leptogenesis,
freeze-out of heavy fermion decay before sphaleron transitions and also incorporating the bounds on
LFV decay µ → eγ. The masses charged and neutral component of φ2 are kept in the range that
satisfy dark matter relic density as well as LEP bounds on electroweak parameters.
fermion decay process freezes out before the electroweak sphaleron temperature Tsph ≈ 140
GeV and the lepton asymmetry gets converted into the correct baryon asymmetry observed.
For the chosen masses of heavy fermions, this comes out to be h < 9.22×10−3. Such Yukawa
couplings can naturally satisfy the constraints from the requirement of light neutrino masses
(3.3).
Although the decay of ψ → φ2L,ψ → χνR can also produce an abundance of dark
matter (assumed to be the neutral component of φ2 here). However, since such scalar dark
matter has large enough annihilation cross section to freeze out at a temperature much below
the scale of leptogenesis T = Mψ1 , the final dark matter relic abundance is not sensitive to
such productions from the decay of ψ. We therefore calculate the dark matter relic abundance
following the usual freeze out procedure outlined above. The different annihilation channels of
the lighter neutral component of the doublet φ2 are shown as a function of its mass in the left
panel of figure 6. The typical annihilation cross section required to produce the correct relic
abundance from the simplified formula (1.1) is shown as the horizontal line. This shows two
different mass ranges: one below MW , near the resonance mDM = mh/2 and another in the
heavy mass regime, in agreement with earlier works on inert doublet dark matter mentioned
earlier. It is worth noting that for the maximum value of Yukawa coupling h consistent with
successful leptogenesis for the chosen value of ψ1 mass, the additional annihilation channel
into neutrinos mediated by ψ remains very much suppressed. In the right panel of 6, we
show the relic abundance by summing over all possible annihilation channels and for three
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Figure 10. Allowed parameter space in λφ−2
−Mψ plane from the requirement of satisfying bounds
on electron EDM, LFV decay µ → eγ as well as the criteria of successful leptogenesis, freeze-out of
heavy fermion decay before sphaleron transitions. The masses charged and neutral component of φ2
are kept in the range that satisfy dark matter relic density as well as LEP bounds on electroweak
parameters.
different values of DM-Higgs couplings. We then chose the low mass regime, allowed from
relic abundance criteria and show the allowed parameter space in λ−mDM plane in figure 7.
It can be seen that, the latest LUX bound on direct detection cross section and LHC bound
on invisible Higgs decay significantly constrain the parameter space, leaving out only a tiny
region near the resonance mDM = mh/2. It should be noted that the LUX 2016 bound
appears as a band in the figure 7 after taking into the uncertainty in the Higgs nucleon
couplings mentioned above.
Then we calculate the contribution to charged lepton flavour violating decay µ → eγ
from the charged component of the scalar doublet φ2. Taking the dark matter mass to be 62
GeV, allowed from all existing bounds (as seen from figure 7), we first calculate the bound
on charged scalar mass from EWPD. This together with LEP bound only leaves a small
allowed region shown in figure 8. We also show the exclusion line from MEG 2016 bound
on BR(µ→ eγ). We then show the branching ratio as a function of charged scalar mass for
two different choices of Yukawa coupling h and the chosen value of ψ1 mass, Mψ1 = 5 TeV.
It can be seen from figure 8 that for the maximum allowed value of Yukawa (from successful
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leptogenesis), the contribution to the LFV decay remains suppressed by more than three
order of magnitudes compared to the latest MEG bound. However, for higher values of
Yukawa, the corresponding branching ratio lies very close to the MEG bound and should be
observed in near future.
Finally, to have an overall idea about the allowed parameter space of the model from
all phenomenological considerations discussed in this work, we intend to do a parameter scan
incorporating the constraints from neutrino mass, leptogenesis, dark matter, LFV and EDM.
The corresponding parameter space is huge which makes the complete scan very difficult.
Instead of this complicated full scan, we therefore perform a partial scan in a subset of
parameters while keeping the other parameters in a range that gives correct phenomenology.
First, we keep the dark matter mass in the low mass regime shown in figure 7. This also
fixes the mass of the charged component of the scalar doublet φ2 to a narrow range from
LEP constraints as seen from figure 8. Keeping dark matter and φ±2 mass in this range,
we scan through other relevant parameters h,Mψ, λφ−2
from the requirement of leptogenesis,
LFV and EDM. The resulting parameter space from this partial scan can satisfy constraints
from neutrino mass if we tune other parameters involved in the neutrino mass formula (3.1)
appropriately. In figure 9, we show the parameter space in terms of (h,Mψ) that gives
rise to successful leptogenesis with the heavy fermion decay freezing out before the sphaleron
transition as well as agreement with the constraint from the bounds on charged lepton flavour
violating decay µ → eγ. It can be seen from the figure 9 that, these requirements put a
strict lower bound on the heavy fermion mass Mψ ≥ 4 TeV. We then take into account the
experimental constraint on electron EDM and show the allowed parameter space in terms of
(λφ−2
,Mψ) in figure 10 which also satisfy the leptogenesis and LFV bounds.
It is interesting to note that, successful leptogenesis can occur in this scenario at TeV
scale without any resonance enhancement like in the case of resonant leptogenesis [61]. In
usual vanilla leptogenesis, the same Yukawa coupling controls the lepton asymmetry, light
neutrino mass as well as out-of-equilibrium condition of the heavy neutrino decay. To pro-
duce the correct lepton asymmetry and to satisfy the out-of-equilibrium criteria pushes the
lightest right handed neutrino mass beyond 109 GeV [62]. For TeV scale right handed neu-
trino, the out-of-equilibrium condition can be satisfied only for very small values of Yukawa
couplings, of the order of 10−6, insufficient for producing the required asymmetry. This can
be compensated however, by a mass degeneracy between two right handed neutrinos, giving
rise to the scenario of resonant leptogenesis [61]. In the present model, the most important
out-of-equilibrium condition is the one that keeps the left and right sector away from equili-
bration, given in equation (5.5). Since this depends on the fourth power of Yukawa couplings,
compared to the second power of Yukawas in case of decay width in vanilla leptogenesis, one
can satisfy the condition (5.5) with moderately large values of Yukawa couplings, which are
also sufficient to produce the correct baryon asymmetry, as seen in our work by solving the
explicit Boltzmann equations. Also, unlike in type I seesaw leptogenesis, here the constraints
from light neutrino mass can be relaxed to some extent as the Yukawa coupling h and heavy
neutrino mass Mψ are not the only parameters that decide light neutrino masses, due to the
involvement of other parameters in the one-loop neutrino mass diagram.
To summarise, we have studied a model which can simultaneously address the the
problem of tiny neutrino mass, dark matter and baryon asymmetry with the new physics
sector lying close to the TeV scale. Apart from being in agreement with all observed data,
the model also offers the possibility of being verified or falsified at ongoing and near future
experiments. While the LUX 2016 data allow a very tiny window of dark matter mass in
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the low mass regime, the EWPD constraints fixes the charged scalar mass to a small range
at the same time. Although direct detection experiments may take a long time to rule out
the resonance region completely, the LFV decay and electron EDM provide an alternate
probe of that mass range. Near future observation of µ → eγ or electron EDM will be able
to constrain the currently allowed parameter space further. One interesting way to falsify
this model is to look for 0νββ as it will rule out the pure Dirac nature of light neutrinos
considered in this particular model.
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A EDM Calculations
The EDM of charged lepton at two-loop is given by
dl = 2=
[
Ylλφ−2
vh2
256pi4
(
2∑
i=1
(σiR − σiL))
]
(A.1)
where
σ1L = m
2
l
∫ 6∏
i=1
dxiδ(1−
6∑
j=1
xj)
[
U−31
F1
(
2
F1
((x2 + x3)(x4 + x5) + (x2 + x3 + x4)x6)(
x22x6(x4 + x5 + x6) + x2x6(x4x6 + x3(x4 + x5 + x6)) + ((x1 + x2 + x3)x4 + (x3 + x4)x6)
)
−
(
x6((x2 + x3)(x4 + x5) + x6(x2 + x3 + x4))
(x1 + x2 + x3)(x4 + x5) + x6(x1 + x2 + x3 + x4 + x5)
))
+
U−21
F 21
[
x22x6(x4 + x5 + x6)
+ x2x6(x4x6 + x3(x4 + x5x6)) + ((x1 + x2 + x3)x4 + (x3 + x4)x6)(x4x6 + x3(x5 + x4 + x6))
− F1
2
x6
(x1 + x2 + x3 + x6)(x4 + x5 + x6)− x26
]]
(A.2)
σ1R = m
2
l
∫ 6∏
i=1
dxiδ(1−
6∑
j=1
xj)
[
U−31
F1
(2x2x4((x2 + x3)(x4 + x5) + (x2 + x3 + x4)x6)((x1 + x2 + x3)
+ (x4 + x5) + x6(1− x6))) + U
−2
1
F 21
[x2x4((x1 + x2 + x3)(x4 + x5) + x6(1− x6))]
]
(A.3)
σ2L = m
2
l
∫ 6∏
i=1
dxiδ(1−
6∑
j=1
xj)
U−32
F 23
(−(x4 + 2x5)x6((x1 + x2)(x3 − x5) + (x1 + x2 + x3 − x5)x6
− (x4 + 2x5)x6(x1(x5 − x6) + x5(x2 + x6)) + (x1(x5 − x6) + x5(x2 + x6))((x3 + x4 + 2x5)x6
+ x2(x3 + x4 + x5 + x6)))− F2
2
x6
(x1 + x2 + x6)(x3 + x4 + x5 + x6)− x26
)
(A.4)
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σ2R = m
2
l
∫ 6∏
i=1
dxiδ(1−
6∑
j=1
xj)
U−22
F 23
(((x1 + x2)(x3 + x4 + x5) + (x1 + x2 + x3 + x4 + x5)x6)
(x3x6 + x2(x3 − x5 + x6))) (A.5)
U1 = (x1 + x2 + x3) (x4 + x5) + x6 (x1 + x2 + x3 + x4 + x5) (A.6)
U2 = (x1 + x2)(x3 + x4 + x5) + (x1 + x2 + x3 + x4 + x5)x6 (A.7)
F1 = m
2
l x4 ((x1 + x2x3)x4 + (x2 + x3 + x4)x6) +m
2
l (x2 + x3) ((x2 + x3) (x4 + x5) + (x2 + x3 + x4)x6)
+ ((x1 + x2 + x3) (x4 + x5) + (x1 + x2 + x3 + x4 + x5)x6)
(
M2ψx1
+m2φ01
x4 −m2l (x2 + x3 + x4 − x5) +m2φ02 (x2 + x3 + x6)
)
(A.8)
F2 = m
2
l x3((x1 + x2)x3 + (x2 + x3)x6) + ((x1 + x2)(x3 + x4 + x5) + (x1 + x2 + x3 + x4 + x5)x6)
(M2ψx1 +m
2
φ01
x4 −m2l (x2 + x3 − x5) +m2φ−2 (x2 + x3 + x6)) +m
2
l x2(x3x6 + x2(x3 + x4 + x5 + x6))
(A.9)
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